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Abstract. The formation of vortex or ‘string’ cavitation has been visualised at pressures up to 
2000 bar in an automotive-sized optical diesel fuel injector nozzle. The multi-hole nozzle 
geometry studied allowed observation of the hole-to-hole vortex interaction and, in particular, that 
of a bridging vortex in the sac region between the holes. Above a threshold Reynolds number, 
their formation and appearance during a 2 ms injection event was repeatable and independent of 
upstream pressure and cavitation number. In addition, two different hole layouts and three-
dimensional flow simulations have been employed to describe how, the relative positions of 
adjacent holes influenced the formation and hole-to-hole interaction of the observed string 
cavitation vortices, with good agreement between the experimental and simulation results being 
achieved.  
1. Introduction
Vortex or string cavitation structures have often been observed in the sac volume of enlarged nozzle 
replicas at fluid pressures of only a few bar (selectively [1-4] and only briefly observed in real-scale 
nozzle-holes operating at several hundred bar [5, 6]. The present work reports the presence of 
cavitation strings in a real-scale nozzle to pressures up to 2000bar and explores the influences on the 
formation of string cavitation at such conditions. In particular, the hole-to-hole interactions of the 
cavitation strings are investigated with respect to the position of the holes within the injector geometry 
and the prevailing fluid parameters. This work explores the hypothesis that, by better understanding 
the formation of string cavitation, the phenomenon can be ultimately be controlled. 
2. Experimental set-up
Visualisation of the formation of string cavitation was performed in the near-hole sac volume region 
of a true-scale optical multi-hole fuel injector. The static nozzle geometry was designed to reproduce 
the asymmetric hole-inlet flow characteristics of a VCO or mini-sac type injector, where the flow in 
the sac volume, between the conical needle tip and the injector casing, must rapidly change direction 
to exit through the nozzle hole. Figure 2 illustrates the construction of the optical nozzle assembly, 
which consisted of three separate plates, one made of polished sapphire and two made of steel, 
clamped together to form the desired geometry and allow optical access to the flow volume upstream 
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of the nozzle-hole entrances. Two different multi-hole plates were used, having a different hole 
spacing distance between the two rearward, covered, holes of the triangle. A ‘standard’ spacing of 0.7 
mm was complimented by a ‘wide’ spacing of 0.9 mm to investigate the effect of hole separation 
distance. 
Fig 2. Layout and fluid flow path of the manufactured transparent nozzle. 
Steady-state and 2 ms duration transient injections were delivered to the nozzle at pressures (Prail) up to 
2000 bar. Nozzle back pressure, Pback, was created by injecting into a pressurised nitrogen chamber 
downstream of the nozzle. Imaging of the internal nozzle flow was carried out using high speed 
imaging and single-shot photography, both utilising pulsed laser illumination of the nozzle flow to 
produce short-exposure images that ’froze’ the flow features being imaged.  
3. CFD Simulations
In the absence of quantitative measurements of the pressure and velocity fields in the areas where 
cavitation forms and develops, the computational fluid dynamics (CFD) code of [7] was utilised; Use 
of CFD was considered essential not only for assisting in the interpretation of the acquired images but 
also during the design process of the specific test nozzles utilised here.  
4. Results
The first stage of the investigation used the rig in its steady-state configuration running at a ‘low’ 
pressure of Prail = 150 bar. 
Fig. 3: Representative flow images obtained for the two different nozzles tested. 
[Prail = 150 bar, Pback = 20 bar] 
Two distinct two-phase flow structures were observed: the ‘bridging’ string that connects the two 
holes and two vertical strings, one in each hole, appearing to the side of the bridging string. The 
absence of the bridging string in the wide case, indicated that the formation of the vortex depends on 
hole spacing and the subsequent interaction of vortices from both holes. It was noted that the absence 
of the bridging string in the wide case resulted in the increased stability of the vertical string 
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formation, where the two vertical strings were observed in both holes in almost every frame of the 
high speed video contrasting with their frequent but intermittent appearance in the standard case. 
Fig. 4. CFD simulations of the flow inside and upstream of the injection hole inlet (a) vortex core 
illustration for standard spacing and (b) vortex core illustration for wide spacing nozzles. 
[Prail = 150 bar, Pback= 20 bar] 
Increasing the injection pressure to c.2000 bar and running under transient injection conditions 
resulted in no change in the appearance of the cavitation strings for the standard hole spacing, as 
shown in figure 5, with the two vertical strings and the bridging string still present and of similar 
dimensions; changes to back pressure, between 1 and 90 bar, at these elevated inlet pressures also had 
no apparent effect on the appearance of the cavitation. 
Fig. 5. Image of the cavitation string formation in the sac volume for the standard hole-spacing 
geometry for  Prail = 2050 bar. Pback = 90 bar. t = 1 ms ASOI  
However, for the wide spacing case, when the injection pressure reached 2000 bar the formation of the 
bridging string was also observed to occur, as shown by the image in Figure 6. The formation of the 
bridging string at this injection pressure was also successfully captured by the CFD simulations. 
Fig. 6. Frame grab of the cavitation string formation in the sac volume for the wide hole-spacing 
geometry for Prail = 2000 bar. Pback = 1 bar. t = 1 ms ASOI, and the corresponding CFD simulation 
result for the same condition  
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5. Conclusions
1. Cavitating flow structures have been visualised at a range of pressures up to 2050 bar in a
real-scale flow geometry.
2. The occurrence of the hole-to-hole interaction of cavitation strings, observed here as the
bridging string, was found to be affected by the spacing between adjacent holes and the
respective flow rate through a particular geometry. As hole spacing was increased the flow
rate, or injection pressure, required to form the bridging string was significantly increased.
3. Once formed, increases to the fluid pressure, or reductions in back pressure, have no influence
on the appearance of cavitation strings.
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